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We report ion energy distributions~IEDs!, relative ion intensities, and absolute total ion current
densities at the grounded electrode of an inductively coupled Gaseous Electronics Conference
~GEC! radio-frequency~rf! reference cell for discharges generated in pure C2F6 , c-C4F8, and in
mixtures of each gas with Ar. These discharges contain several ions of significant intensity, with the
dominant ion seldom that expected from direct ionization of the feed gas. Neither the C2F6 nor the
c-C4F8 fraction in the Ar mixtures significantly influences the reactive ion composition. IEDs vary
from single peaked to bimodal, the latter indicating rf modulation of the ions’ energy as they
traverse the plasma sheath. Elevated gas pressures and higher fractions of either C2F6 or c-C4F8 all
result in comparatively broader and more bimodal IEDs. IEDs in purec-C4F8 discharges, compared
to C2F6 discharges, generally exhibit more pronounced broadening and bimodality.
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I. INTRODUCTION

Low pressure radio-frequency~rf! discharges in fluorocar
bon gases are commonly used for the plasma etching
semiconductor materials. Ion bombardment is a key proc
in plasma etching and consequently the determination of
identities, flux, and energies of the ions striking surfaces
posed to etching discharges has attracted much interest.
investigations of positive ions in rf plasmas sustained in
ther C2F6 or c-C4F8 have been applied to capacitive
coupled reactors,1–3 and only recently have investigation
been extended to inductively coupled reactors.4,5

We report mass analyzed ion energy distributions~IEDs!,
relative ion flux densities, and absolute total ion curre
measured using a combined ion energy analyzer-mass s
trometer that samples ions through an orifice in the low
electrode of an inductively coupled Gaseous Electron
Conference~GEC! rf reference cell. The absolute ion flu
measurements and the ion energy distributions are the
reported for C2F6 andc-C4F8, and are useful for model vali
dation. Ion energies and mass-resolved ion fluxes were m
sured as a function of gas pressure and mixture conce
tion. Data are presented for discharges generated in C2F6 , c-
C4F8, and in mixtures of each gas with argon.

II. EXPERIMENT

The discharges studied were generated in a GEC rf re
ence cell reactor whose upper electrode has been repl
with a five-turn planar rf-induction coil behind a quartz wi
dow to produce inductively coupled discharges.6 The design
of the GEC rf reference cell is described in det
elsewhere.7,8 In a manner similar to that of Jayarama
McGrath, and Hebner,4 a quartz annulus was mounted to t
upper quartz window of the GEC cell. This ring was dev
oped for use in the GEC rf reference cell to allow the ge
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eration of plasmas in electronegative gases over a m
broader range of pressures and powers. The reactor, a
with the ion energy analyzer and mass spectrometer, are
picted schematically in Fig. 1. The feed gas enters the
through one of the 2.75 in. side flanges and is pumped
through the 6 in. port attached to the turbo-molecular pum
The gas pressure is maintained by a variable gate valve
tween the GEC cell and the pump. Mass flow controlle
regulated the flow, which was maintained at 3.73mmole/s~5
sccm! for pure C2F6 or c-C4F8 discharges or 7.45mmole/s
~10 sccm! for different mixtures of C2F6 andc-C4F8 with Ar.

A 13.56 MHz voltage is applied to the coil through
matching network. The rf power values presented in this
ticle are the net power to the matching network driving t
coil. The actual rf power dissipated in the plasma has b
determined to be approximately 80% of the power liste6

The lower electrode is grounded to the vacuum chamber
The ion sampling arrangement is identical to that used

study inductively coupled plasmas in CF4,9 and in Ar, N2,
O2, Cl2 and their mixtures.10 Ions are sampled through
10-mm-diam orifice in a 2.5-mm-thick nickel foil spot
welded into a small counterbore located at the center of
stainless steel lower electrode. The 10mm orifice allows
more accurate measurement of relative ion flux intensi
than larger orifices (>100 mm! commonly used in capaci
tively coupled plasmas. For IED measurements, the ions
pass through the orifice are mass selected by the quadru
mass spectrometer after being energy analyzed by the
electrostatic energy selector. The IEDs measured in
manner are essentially ion-flux energy distributions.11

Past experience with the ion energy analyzer indica
that the ion transmission is nearly constant over the ene
ranges observed here.11 A mass-dependent transmission co
rection factor, however, was applied to the highest mass
~mass.40 u! in order to compensate for some decrease
the ion transmission of the quadrupole mass spectrom
with increasing mass. These factors were determined by c
2785
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FIG. 1. Schematic diagram of the inductively couple
GEC rf reference cell reactor with the ion energy an
lyzer and mass spectrometer appended to the modi
lower electrode.
6

th
te

d

v
on

el
te
lin
ia
tie
i

e

n
i-

al
d

ob-

g.
ed

ent
n-
he

han
pic
ntri-
If
are

is
to
ed

Si
bration with rare gas plasmas10 and approach a factor of 1
for the largest mass ion observed, C2F5

1 at 119 u.
For total ion current measurements,~i.e., all ion current

passing through the sampling orifice!, the ion optic elements
at the front of the ion energy analyzer are biased such
the current passing through the sampling orifice is collec
on the extractor element~the first ion optic element behin
the electrode surface!, and is measured using an electrom
eter. The electrometer registers a small residual current e
when the discharge is off; this is subtracted from all i
currents measured from the discharge.

The total ion current is partitioned into mass chann
according to the mass spectrum of ions. The absolute in
sities of the measured IEDs are then determined by sca
the measured values of the ion current for the appropr
mass channel to the total ion current. The ion flux densi
presented here are derived by dividing the total measured
current by the area of the 10-mm-diam sampling hole.

III. RESULTS AND DISCUSSION

A. C2F6

Figure 2~a! shows a mass spectrum of the ions produc
in a pure C2F6 discharge at 1.33 Pa~10 mTorr! and 200 W.
Similar to the observations of Jayaraman, McGrath, a
Hebner4 and Li et al.,5 the dominant ion under these cond
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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tions is CF3
1 . With a measured flux equal to 30% of the tot

ion current, CF3
1 is also the principal ion fragment produce

from the dissociative ionization of C2F6.12 Jayaraman,
McGrath, and Hebner4 report a flux of CF3

1 five times higher
than that of the next most abundant ion. In contrast, we
serve that the intensities of CF1 and CF2

1 are nearly half that
of CF3

1 . Surprisingly, the second highest intensity in Fi
2~a! is at mass 28 u, which can be attributed to the combin
flux of CO1 and Si1. Both CO1 and Si1 are secondary ions
~ions not produced by dissociative ionization of the par
gas! resulting from quartz etching and subsequent io
surface and ion-molecule interactions occurring within t
reactor.

The isotopes of silicon have much higher abundances t
those of either carbon or oxygen. Consequently, the isoto
abundance ratios of Si can be used to determine the co
bution of28Si1 to the measured flux of 28 u ion fragments.
one assumes that the fluxes of 29 and 30 u ion fragments
entirely due to29Si1 and30Si1, respectively, the contribution
of 28Si1 to the measured flux of 28 u ion fragments
roughly half, with the remainder of the flux attributable
CO1. A similar analysis was performed for the measur
fluxes of ions having masses corresponding to SiFx

1 . These
fluxes consist primarily of SiFx

1 rather than COFx
1 species.

The presence of substantial fractions of ions containing
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has similarly been observed in discharges containing C4,9

and in discharges containing CHF3.13 This is an important
observation for discharge modeling and validation. Based
isotope analysis, the other significant ions from pure C2F6

discharges in order of decreasing abundance are CF1, CF2
1 ,

SiF3
1 and SiF2

1 which combined comprise nearly 50% of th
total ion current.

It is worth mentioning that Jayaraman, McGrath, a
Hebner4 detected ions having masses corresponding to1

and SiFx
1 from their C2F6 discharges with significantly lowe

relative abundances. This is interesting considering the
that bare and resist-covered Si wafers were present in
discharges, which would suggest a ready source of Si ato
The differences in relative abundances of the various i
could be attributed to fundamental differences in the plas
conditions due to the absence of a wafer in our experime
Another explanation, however, is differences caused by
dissimilar ion sampling geometries. Whereas we extrac
ions through an orifice in the grounded lower electrode,
yaraman, McGrath, and Hebner4 extracted ions from the sid
of the GEC cell between the lower electrode and the bot
of the quartz annulus. In the latter experimental configu
tion, the probe tip of the mass spectrometer is separated
the plasma by a relatively thick diffusion layer throug
which the primary ions must travel before detection. Th
they have a large probability of undergoing ion-molecu
reactions, which may influence the relative abundances
the detected ions.

The relative ion composition as a function of pressure

FIG. 2. ~a! Mass spectrum of ions striking the lower electrode of the G
cell in a C2F6 discharge at 1.33 Pa~10 mTorr! and~b! the mass analyzed ion
flux striking the lower electrode as a function of discharge pressure.
charge power is maintained at 200 W.
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pure C2F6 discharges is shown in Fig. 2~b!. The magnitude
of the total ion flux more than doubles from 0.67 to 2.66
~5–20 mTorr!. While the fluxes of the atomic ions decrea
significantly in this range, the CF3

1 flux rises dramatically,
increasing by almost a factor of five. The fact that the C3

1

flux is such a strongly increasing function of gas press
suggests that in addition to electron-impact ionization
C2F6, reactions between ions and either C2F6 or dissociation
fragments may be important mechanisms contributing
CF3

1 production in these discharges. Little is known abo
such ion-molecule reactions, however.

The energy distributions of three significant ions in pu
C2F6 discharges at 0.67, 1.33, and 2.66 Pa~5, 10, and 20
mTorr! are shown in the first column of Fig. 3. At the lowe
pressure studied, the IEDs are fairly narrow, with appro
mately the same width and peak position. A small peak
also present near 0 eV, however, in the energy distributi
of CF3

1 . The fact that this low-energy peak appears only
specific ionic species implies that an ion dependent proc
such as charge-exchange production of slow ions near
sampling orifice is responsible. At 1.33 Pa~10 mTorr!, the
IEDs are significantly broader and exhibit a readily se
splitting indicative of increased rf modulation of the ion
energy as they are accelerated across the plasma sheat14,15

If the ion transit time through the sheath is sufficiently sh
compared to the rf period, then the ion energy averaged o

s-

FIG. 3. Energy distributions of the three dominant ions produced in p
C2F6 and c-C4F8 discharges at 0.67, 1.33, and 2.66 Pa~5, 10, and 20
mTorr!. The legend applies to all panels. Discharge power is maintaine
200 W.
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an rf cycle becomes strongly modulated. The increase o
modulation with pressure can be attributed to the decreas
the ground sheath capacitance resulting from a more c
fined plasma as the pressure increases. At 2.66 Pa~20
mTorr!, the IEDs are even broader, and are distinctly bim
dal in shape.

The appearance of mass-dependent structure in the en
distributions illustrates the importance of measuring IE
when determining relative ion flux intensities with the ty
of instrument used in this study. Under conditions such
ours, relative ion intensity measurements that utilize sim
mass scans will be affected by the energy setting of the
ergy analyzer. The measuring and integrating of IEDs
critical in determining accurate relative ion flux intensitie
During the course of these experiments, care was taken w
determining relative ion flux intensities to sample ions
energies corresponding to the means of the IEDs.

B. c-C4F8

A mass spectrum of the ions produced in a purec-C4F8

discharge at 1.33 Pa~10 mTorr! and 200 W is shown in Fig
4~a!. Constituting nearly 35% of the total ion flux, CF1

dominates the ion spectrum under these conditions. O
significant ions present include Si1, CO1, CF2

1 , and CF3
1 ,

which combined account for almost 40% of the ion curre

FIG. 4. ~a! Mass spectrum of ions striking the lower electrode of the G
cell in a 1.33 Pa~10 mTorr! c-C4F8 discharge and~b! the mass analyzed ion
flux striking the lower electrode as a function of discharge pressure.
charge power is maintained at 200 W.
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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A similar analysis of the flux intensities of the ions contai
ing isotopes of Si indicates the contribution of28Si1 to the
measured flux of 28 u ion fragments is approximately ha
with the remainder of the measured flux similarly attribu
able to CO1. The fluxes of ions having masses correspon
ing to SiFx

1 are nearly entirely attributable to SiFx
1 species

rather than to COFx
1 species. It is interesting to note that th

relative intensities of C2F4
1 and C3F5

1 , which are the princi-
pal electron-impact dissociative ionization products ofc-
C4F8,16 represent only a few percent of the total reactive i
composition, suggesting a high degree of dissociation of
parent gas within the discharge.

Figure 4~b! shows the relative ion composition as a fun
tion of pressure in purec-C4F8 discharges. The magnitude o
the total ion flux, as well as the fluxes of all significant ion
species except CF3

1 , decreases from 0.67 to 2.66 Pa~5–20
mTorr!. With the exception of CF3

1 , the relative abundance
of the principal ions do not change significantly as a funct
of pressure in these discharges. The relative increase o
CF3

1 flux with increasing pressure again suggests a pa
contribution to this species from ion-molecule reactions.
with discharges sustained in pure C2F6, substantial fluxes of
ions not formed by electron-impact ionization of the pare
gas are likewise present in purec-C4F8 discharges. The com
bined Si1/CO1 flux is consistently the second highest o
served.

The energy distributions of three principal ions in purec-
C4F8 discharges at 0.67, 1.33, and 2.66 Pa~5, 10, and 20
mTorr! are shown in the second column of Fig. 3. The av
age plasma potential, which corresponds to the mean of
IEDs, is slightly higher in purec-C4F8 discharges than in
pure C2F6 discharges for similar discharge conditions.
0.67 Pa~5 mTorr!, the IEDs are comparatively broader inc-
C4F8 discharges, with an asymmetric saddle structure ba
resolved. Both of these characteristics become more
nounced with increasing pressure, mirroring the pressure
pendence of the IEDs observed in pure C2F6 discharges. The
increase in rf sheath modulation as pressure increases ca
similarly ascribed to a more confined plasma lowering
ground sheath capacitance. The extent to which the IEDs
broadened is mass dependent, with the lightest ions the m
affected by the rf modulation of plasma potential. T
broader and more structured IEDs observed in purec-C4F8

discharges compared to those observed in pure C2F6 dis-
charges likely result from higher rates of electron attachm
leading to a more confined plasma. Electron attachment tc-
C4F8 occurs both at lower energies and with a significan
larger cross section compared to C2F6.17 In addition, the rela-
tive intensities of the low-energy peaks seen in CF3

1 and
CF1 IEDs are higher inc-C4F8 discharges, indicating in-
creased charge-exchange production of these ions.

C. Ar:C 2F6 and Ar: c-C4F8 mixtures

The mass analyzed ion flux from discharges contain
varying proportions of C2F6 andc-C4F8 with Ar is shown in
Fig. 5. Although the Ar1 intensity sharply decreases with th
reduction of Ar supplied to the plasma, the relative fluxes

s-
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all other significant ions in these discharges are largely
affected by the corresponding increase in the concentra
of fluorocarbon gas in the feed mixture. The decrease in
total ion current in both Ar:C2F6 and Ar:c-C4F8 discharges
with increasing fluorocarbon concentration is likely due
reduced plasma densities resulting from increasing elec
attachment to the fluorocarbon gases and their dissocia
products. CF3

1 energy distributions measured for these d
charge conditions are shown in Fig. 6. As the proportion
either C2F6 or c-C4F8 supplied to the plasma increases, t
IEDs widen and begin to exhibit bimodal splitting. Furthe
more, in Ar:C2F6 discharges, the average plasma poten
noticeably increases with the C2F6 fraction. It is unclear why
a similar increase is not observed in Ar:c-C4F8 discharges.

The mass analyzed ion flux as a function of pressure
discharges containing equal mixtures of either C2F6 or c-
C4F8 with Ar is shown in Fig. 7. For both gas mixtures, th
total ion flux decreases with increasing pressure. The
duced ion flux at larger pressures may result from a reduc
of electron temperature or increased electron attachment
to increased collisions. Only at the lowest pressure studie
Ar1 the dominant ion in 50% Ar:50% C2F6 discharges. In
50% Ar:50%c-C4F8 discharges, CF1 rather than Ar1 is the
dominant ion. Similar to discharges sustained in purec-C4F8,
C2F4

1 and C3F5
1 , the principal products of the dissociativ

ionization of c-C4F8 and dissociative charge transfer fro

FIG. 5. ~a! Mass analyzed ion flux striking the lower electrode of the GE
cell as the~a! C2F6 and ~b! c-C4F8 fractions are varied from 0% to 100%
The balance of the feed gas is Ar. Discharge pressure and power are 1.
~10 mTorr! and 200 W, respectively. The legend applies to both graphs
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Ar1 to c-C4F8,16 represent only a small fraction of the rea
tive ion composition in 50% Ar:50%c-C4F8 discharges.

IV. SUMMARY

Several ionic species with significant intensities were o
served in discharges containing C2F6 andc-C4F8. The domi-
nant ion is not always the principal ion resulting fro
electron-impact ionization of the feed gas, particularly in d
charges containingc-C4F8, suggesting a large degree of di
sociation. Ions resulting from erosion of the quartz coupli
window and confinement ring constitute significant fractio
of the reactive ion composition for these plasmas, un
some conditions comprising nearly 40% of the measured
current. The CF3

1 flux rises dramatically as a function o
pressure in pure C2F6 discharges, contributing to an overa
increase in ion current under these circumstances. Fo
other discharges studied, the CF3

1 flux displays a much
weaker dependence on discharge pressure, and the tota
flux decreases at elevated pressures as might be exp
from a reduction of electron temperature at higher collisio
frequencies. Although the Ar1 flux displays a dependence o
the Ar fraction in the feed gas supply, the relative abu
dances of the remainder of the reactive ion composition
discharges sustained in mixtures of either C2F6 or c-C4F8 are
mostly unaffected by changes in the gas mixture.

Depending on the discharge conditions, the ion ene
distributions vary from fairly narrow and single peaked
very broad and bimodally structured, the latter being indi
tive of parasitic capacitive coupling modulating the ions’ e

Pa

FIG. 6. CF3
1 energy distribution as the~a! C2F6 and~b! c-C4F8 fractions are

varied from 0% to 100%. The balance of the feed gas is Ar. Discha
pressure and power are 1.33 Pa~10 mTorr! and 200 W, respectively.
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ergy as they traverse the plasma sheath. The IEDs occu
in purec-C4F8 discharges exhibit more pronounced broad
ing and bimodality than do the corresponding IEDs in pu
C2F6 discharges for similar discharge conditions. Eleva
gas pressures and higher percentages of either C2F6 or c-
C4F8 supplied to the discharge were all observed to resul

FIG. 7. ~a! Mass analyzed ion flux striking the lower electrode of the GE
cell for ~a! 50% Ar:50% C2F6 and ~b! 50% Ar:50%c-C4F8 discharges as
functions of pressure. Discharge power is maintained at 200 W. The le
applies to both graphs.
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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comparatively broader and more highly bimodal IEDs. T
dependence of the IEDs on discharge conditions illustra
the importance of measuring IEDs in determining relat
ion flux intensities, since the relative ion flux intensities w
depend on the energy of the ions sampled if the IEDs h
mass-dependent structure such as those observed in
experiments.
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